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A method for the identification of double bond locations in polyunsaturated long chain
alkenones adapted to nanogram amounts as currently analyzed by gas chromatography
coupled to mass spectrometry (GC-MS) has been developed. The method is based on
interpretation of the electron impact mass spectra of the imino derivatives of the carbonyl
groups using either cyclopentyl or phenyl substitutents. Other complementary derivatization
methods such as elaidization and hydrogenation have also been used for structural charac-
terization of these compounds. This application has led to the identification of a novel
homologous series of di-, tri-, and tetraunsaturated ketones with carbon number chain lengths
between 37 and 40 in coastal hypersaline sediments. The novel series identified shows a
distribution in which the double bond position between different homologs is established by
reference to the distance from the carbonyl group whereas the previously known alkenones
were constituted by unsaturated homologs with double bonds located at defined distances of
the terminal methyl. This difference points out to a dissimilar, but still unknown, biogenic
precursor of these novel alkenones. (J Am Soc Mass Spectrom 2004, 15, 1161–1172) © 2004
American Society for Mass SpectrometryLinear methyl and ethyl C32-C40 ketones with 2, 3,or 4 double bonds and trans configuration, alsoknown as alkenones, have been found in both
recent and ancient sediments throughout the world
oceans. These compounds are synthesized by few spe-
cies of microalgae belonging to the class of Hapto-
phyceae [1–4]. Cultures of these species showed that
the proportion of di- and triunsaturated alkenones
changed linearly with water temperature [5, 6]. This
finding and the ubiquity of C37-C39 alkenones in recent
and past marine sediments has led to the widespread
use of the C37 homologs for the estimation of sea surface
temperatures in climate change studies [7–10]. This
method has become, at present, a reference standard for
the measurement of paleotemperatures in paleo-ocean-
ography. Its success also depends on the unprecedented
resistance of these compounds to diagenetic alteration
which, despite changes in concentration, does not in-
volve modification of the relative proportion of di- and
triunsaturated homologs [11].
Another important aspect for the usefulness of this
alkenone ratio is the limited number of alkenone bio-
synthesizer species within the Haptophyceae group
which simplifies the biogeochemical transcription of
Published online June 19, 2004
Address reprint requests to Dr. J. O. Grimalt, Department of Environmental
Chemistry, Institute of Chemical and Environmental Research (CSIC), Jordi
Girona 18, 08034-Barcelona, Catalonia, Spain. E-mail: jgoqam@cid.csic.es© 2004 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/04/$30.00
doi:10.1016/j.jasms.2004.04.024paleotemperatures into sedimentary alkenone compo-
sition. However, there are cases of discrepant alkenone
distributions in which the sedimentary composition
provides clearly unreliable paleotemperature estimates,
e.g., lacustrine sediments [12]. In these cases, contribu-
tions from species different than those currently found
in open marine environments are at the likely origin of
the deviations.
Detailed structural characterization of the alkenones
found both in marine and freshwater environments are
needed for adequate assessment of differences in chem-
ical composition that could reflect distinct algal precur-
sors. In this respect, isomers encompassing dissimilari-
ties in double bond location cannot be differentiated by
the current gas chromatography-mass spectrometry
(GC-MS) methods since they are not resolved chro-
matographically and cannot be differentiated by elec-
tron impact (EI) or chemical ionization mass spectra.
Derivatization methods must therefore be imple-
mented. Surprisingly, despite the widespread use of
these compounds for paleoclimatic purposes very few
studies have been devoted to chemical characterization.
However, the new methods must be adapted to the
limited amounts available in paleoceanographic stud-
ies.
The first research on the structural characterization
of the alkenones addressed the location of double bonds
by mass spectral interpretation of the trimethylsilyl
ethers (TMSiE) after hydroxylation with osmium tetrox-r Inc. Received February 16, 2004
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dien-2-one, 16,23-octatriacontadien-2-one, and 9,16,23-
octatriacontatrien-2-one were determined with this
method. The position of the carbonyl group was recog-
nized by McLafferty type rearrangements m/z (M-58
and M-72). The EI mass spectra of the O-methyl and
O-ethyl oximes and the TMSiE of the alkenols obtained
by NaBH4 alkenone reduction allowed further differen-
tiation between the ethyl and methyl ketones [13, 14].
This derivatization approach was also used for double
bond location in a novel series of monounsaturated
ketones (C35-C38) [15].
The all-trans configuration of the naturally occurring
alkenones was confirmed by the total synthesis of
(E,E,E)-8,15,22-heptatriacontatrien-2-one and (E,E)-
Figure 1. (a) Total ion current trace showing the
sediments of a hypersaline pond. (b) The same d
p-toluensulfinic acid. Asterisks denote peaks of
Figure 2. Mechanisms of fragmentation in N-substituted imines
containing double bonds induced by a positive charge located in
the nitrogen atom suggested for derivatives of long chain alcohols
(nicotinates [30]) and fatty acids (4,4-dimethyloxazolines [29] and
picolinyl esters [26]). R2  cyclopentyl (Cp) or phenyl (Ph). R1 
methyl (Me) or ethyl (Et). R represents the rest of the aliphatic
chain towards the methyl end.15,22-heptatriacontadien-2-one [16]. Recent studies on
sediments of the Black Sea (5000–8000 y BP) involving
the combined use of GC coupled to infrared spectros-
copy (GC-IR), nuclear magnetic resonance (NMR), di-
rect insertion electron impact mass spectrometry
(Probe-EIMS), and dimethyldisulphide (DMDS) deriva-
tization allowed double bond location of (16E,21E)-
hexatriacontadien-3-one [17]. This compound was the
major constituent of an homologous series of long chain
diunsaturated ketones (C35-C39), analogous to another
series with chain lengths from C37 to C42 found in
ancient sediments off the North Atlantic west coast (95
and 105 Ma, Cretaceous) [18].
Unfortunately, the above reported methods have low
yields and require high sample amounts. In addition,
the adducts generated involve major molecular weight
increases with respect to the underivatized compounds.
These two problems evidence the need for alternative
procedures. The present study undertakes a new ap-
ribution of C37-C40 alkenones found in the recent
ution after elaidization of the double bonds with
ans isomers.
Figure 3. Scheme of reaction for the formation of phenyl and
cyclopentyl imino derivatives of alkenones.dist
istrib
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groups, namely phenyl- and cyclopentylimino deriva-
tives, and location of the unsaturated functionalities by
interpretation of the resulting electron impact mass
spectra. This approach allows the determination of the
position of unsaturated functionalities with alkenone
amounts at the nanogram level. The method has been
applied successfully to the structural determination of
naturally occurring alkenones in hypersaline environ-
ments. To the best of our knowledge this is the first time
that the occurrence of such compounds is reported in
these coastal sedimentary environments.
Figure 4. Mass spectra of the N-phenyl (17 n
nonatriacontadien-2-one.Experimental
Materials and Reagents
The following analysis grade solvents, dichloromethane
(DCM), methanol (MeOH), hexane (Hex), isooctane
(i-O)), ethyl acetate (AcOEt), and toluene (Tol), as well
as molecular sieves (4 Å), potassium hydroxide (KOH),
silicagel 40 (70–230 mesh), aluminium oxide 90 (neu-
tral, 70–230 mesh), and anhydrous sodium sulphate
were purchased from Merck (Darmstadt, Germany).
Anhydrous tetrahydrofurane (THF), aniline (99.5%),
cyclopentylamine (99%), sodium p-toluenesulfinate hy-
d N-cyclopentyl imines (5 ng) of 8E,15E,22E-g) an
1164 LO´PEZ AND GRIMALT J Am Soc Mass Spectrom 2004, 15, 1161–1172drate, and 1,4-dioxane (99%, ACS Reagent) were from
Aldrich (Milwaukee, MI). The synthetic standards
(E,E,E)-8,15,22-heptatriacontatrien-2-one and (E,E)-
15,22-heptatriacontadien-2-one were generously pro-
vided by Professor J. R. Maxwell, University of Bristol,
UK [15].
Four Å molecular sieves were heated overnight at
500 °C, and reactivated by heating at 120 °C for 1 h prior
to use. Aliquots of THF, aniline, and cyclopentylamine
were stored overnight in activated molecular sieves
before use. Two mL vials screw-capped with a Teflon
lined silicone septum were used for the derivatization
reactions.
Sampling
Sediment samples were collected from a shallow car-
bonate precipitation pond with water salinity in the
order of 70 g/L, at the La Trinitat salt works, Ebro
Delta, NE Iberian Peninsula [19].
Extraction and Fractionation
Freeze dried sediments were Soxhlet extracted with
DCM/MeOH (2:1) for 8 h. The extracts were hydro-
Figure 5. McLafferty rearrangements leading to the formation of
the N-cyclopentyl- (R2  Cp) and N-phenylimino (R2  Ph)
derivatives of the methyl (R1  Me) and ethyl (R1  Et) alkenones.
Figure 6. Series of even-electron ions observed in the mass
spectra of the N-cyclopentyl- (R2  Cp) and N-phenylimino (R2 
Ph) derivatives of the methyl (R1  Me) and ethyl (R1  Et)
alkenones.lyzed overnight at room temperature in a 10% wt/vol
solution of KOH in MeOH. Extraction with Hex yielded
a fraction enriched in neutral compounds which was
subsequently fractionated on a hybrid column (330  9
mm i.d.) packed with 8 g of aluminium oxide on top
and 8 g of silica gel at the bottom. Both adsorbents were
dried overnight at 280 and 120 °C and partially deacti-
vated with 5% water. Low polarity compounds (hydro-
carbons) were first eluted with Hex (20 mL) and,
subsequently, with Hex/DCM (90:10, 20 mL) and Hex/
DCM (80:20, 40 mL). Then, the ketone-enriched fraction
was eluted with Hex/DCM (25:75, 20 mL). This fraction
was dried under nitrogen, dissolved in isooctane and
stored at 20 °C.
Alkenone Derivatization
Imino derivatives were prepared from the previously
dried standards (6–20 mg) or samples (100 mg) by
addition of 50 mL of aniline or cyclopentylamine and
250 mL of THF. The solution was dried by addition of
either 10–15 beads of molecular sieves, a 4 mm layer of
anhydrous sodium sulphate or anhydrous calcium
chloride. Air was purged with nitrogen or argon before
vial capping and, after wrapping with thick aluminium
foil, the vials were kept in an oven at 90 °C overnight.
Then, they were cooled to room temperature and stored
at 20 °C. Before GC-MS analysis, aliquots of the crude
reaction mixtures were diluted in toluene.
Epoxidation of the unsaturated ketones was per-
formed by addition of an excess of freshly prepared
solution of 3,3-dimethyldioxirane (DMDO) in acetone
(75 mM) to the alkenone fractions, stirring for 15 min
and drying [20]. Elaidization (cis/trans isomerization)
was performed by refluxing the alkenone fractions in
dioxane with p-toluenesulfinic acid [21]. Unsaturated
ketones were hydrogenated on platinum oxide in
AcOEt.
Instrumental Analysis
GC-MS was performed with a Fisons MD800 GCMS
(THERMO Instruments, Manchester, UK). A 30 m cap-
illary column coated with 5% phenyl- 95% methyl-
polysiloxane (0.25 mm i.d. and 0.25 mm film thickness;
HP-5, Hewlett Packard, CA) was used. The carrier gas
was He at a flow of 2.1 mL/min. Injection port and
transfer line temperatures were 300 °C. Samples were
injected in toluene. Two oven temperature programs
were used. One started at 90 °C (1 min), raised at 15
°C/min to 150 °C and then at 4 °C/min to 310 °C with
a final holding time of 30 min. The other started at 90 °C
(1 min) increased at a rate of 20 °C/min to 320 °C and
the final holding time was 60 min. The quadrupole
mass spectrometer was operated in EI mode (70 eV),
scanning between m/z 50–700/s. Ion source tempera-
ture was 200 °C.
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Analysis of the alkenone fraction from La Trinitat salt
works by GC-MS showed a distribution of methyl and
ethyl ketones with chain lengths between C37 and C40
(Figure 1a). This distribution was characterized by the
predominance of the C37 homolog group maximized at
the triunsaturated alkenone and by having the tetraun-
saturated alkenone as second C37 compound. Similar
distributions have been found in a hypersaline lake
from the Tibet plateau [22], an alkaline lake in Turkey
[23], and some eutrophic lakes in England [12].
In the ketone extracts considered for the present
study, the carbonyl position depends on chain length
parity. That is, odd and even carbon number alkenones
were methyl and ethyl ketones, respectively. No traces
of even-chain methyl ketones or odd-chain ethyl ke-
tones were observed. This composition is different from
that currently found in marine environments which is
Figure 7. Suggested mechanisms in the vicin
positive charge located on the N from the N-
alkenone derivatives. (a–c): formation of intense
labelled as x, x and x, . . . in Figures 4 and 9. Th
are indicated (see text for details). The posi
rearrangement leading to the formation of a con
bond migration. R  alkyl chain towards m
15E,22E-heptatriacontan-2-one (Me 37:2, R1  M
following mass fragments (m/z): (a): [M]  605,
(c) [x  2]  272; (d) and (e) [x]  298.characterized by containing both methyl and ethyl C38
homologs.
Elaidization and Hydrogenation
The process of elaidization [21] induces the acid-cata-
lyzed cis/trans equilibration of all the double bonds
from a molecule, generating distributions similar to
those arising from a thermodynamic process, with
predominance of trans- over cis-configurations. This
technique, as applied here, is useful in the two extreme
cases generally found in natural products. In the most
common example, the originally fatty acids (all-cis)
distribution is transformed into another dominated by
the non-natural all-trans isomers. Conversely, when
applied to olephins with all-trans configuration, the
original compounds dominate over the newly gener-
ated (all-cis).
f the double bonds remotely induced by the
pentyl and N-phenyl imino methyl and ethyl
-electron ions. (d, e): formation of the fragments
sitions originally occupied by the double bonds
charge located on the N may induce a H-
ted double bond system. D.b.m. refer to double
end. As an example, the N-phenylimine of
 Phe, x  15, x  22, y  11) gives rise to the
1]  604, [x  2]  326; (b) [x  3]  m/z 340;ity o
cyclo
even
e po
tive
juga
ethyl
e, R2
[M 
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that the naturally occurring alkenones have all-trans
configuration [16]. Keeping in mind these previous
results, comparison of the chromatographic profiles of
the original and elaidized alkenone distributions of the
present study (Figure 1) confirm the all-trans configu-
ration. However, full elucidation of the cis-trans com-
position would require access to large amounts of these
alkenones for infrared spectroscopy and nuclear mag-
netic resonance methods.
Catalytic hydrogenation of this alkenone fraction
generated four chromatographically resolved peaks
with retention indices corresponding to a straight chain.
Their mass spectra were characterized by molecular
ions of m/z 534, 548, 562, and 576, indicating straight
chain C37, C38, C39 and C40 aliphatic ketones, respec-
tively. The C37 and C39 homologs exhibited base frag-
ments of m/z 59 (McLafferty) and less intense M  15
ions, evidencing methyl ketone structures. On the other
hand, the base fragments of m/z 73 (McLafferty) and the
less intense M  29 ions of the C38 and C40 homologs
indicated ethyl ketones.
The combination of these two derivatization tech-
niques shows, therefore, that the C37-C40 alkenone frac-
tion of these hypersaline sediments under study is
composed of straight chain C37 and C39 methyl ketones
as well as C38 and C40 ethyl ketones with two to four
unsaturations and all-trans configuration.
Double Bond Derivatization
First attempts of double bond location of these C37-C40
alkenones were assayed with direct epoxidation by
reaction with dimethyldioxirane [20] or formation of
oximes [13, 14] but none of these methods provided
useful structural information, e.g., oxime derivatives
provide information on the position of the carbonyl
group but not on the location of the double bonds.
Table 1. Mass fragments of the C37-C40 alkenones found in the
Ketone Structure
Ketones Ph
M-R1a ECLb M-R1a Mcc
M m/z DB5 M m/z m/z
Me37:4 8E,15E,22E,29E 526 511 3866 601 586 133
Me37:3 8E,15E,22E 528 513 3883 603 588 133
Me37:2 15E,22E 530 515 3892 605 590 133
Et38:4 9E,16E,23E,30E 540 511 3958 615 586 147
Et38:3 9E,16E,23E 542 513 3973 617 588 147
Et38:2 16E,23E 544 515 3986 619 590 147
Me39:3 8E,15E,22E 556 541 4073 631 616 133
Me39:2 15E,22E 558 543 4087 633 618 133
Et40:3 9E,16E,23E 570 541 4165 645 616 147
Et40:2 16E,23E 572 543 4179 647 618 147
aM-R1 fragment due to the  cleavage to the carbonyl group, R1  Me
bECL  Effective chain length relative to the homologous series of n-alk
times of the linear alkanes preceding and succeeding the ketone (RTk)
cMc McLafferty type rearrangement.
dx, x, x, x indicate the relative position of the unsaturations.Other derivatization methods such as formation of
methylthioethers involved major analytical difficulties
[24] due to the high retention time increases of the
derivatives which hindered feasible GC-MS analysis.
Imino Derivatization of C37-C40 Di-, Tri-,
and Tretraunsaturated Alkenones
In view of the above mentioned difficulties, a new
method for double bond location was developed by
analogy to those described for fatty acids upon GC-MS
analysis of 4,4-dimethyloxazolidines and picolinyl es-
ters [25–28]. Double-bond derivatization methods en-
compassing N-containing adducts involve EI-MS in
which the positive charge is predominantly located on
the N atom due to the lower ionization potential of
non-bonding electron pairs. The location of the charge
in these atoms induces remote fragmentations with H
rearrangement or cyclization and minimizes double
bond scrambling. Schemes for these types of fragmen-
tation are shown in Figure 2a and b. Hence, the MS
obtained from the diverse N-derivatives of unsaturated
fatty acids [29] and alcohols [30] are characterized by
homologous series formed by fragments differing in 14
da (CH2) corresponding to the saturated sections of the
aliphatic chains. The positions of the unsaturations are
indicated by increments of 26 da, and in some cases of
12 da, within the series which is continued with addi-
tion of further 14 da until the end of the chain or
location of another unsaturation.
As an analogue derivative for the ketone groups, an
imine functionality was devised, and both aromatic and
aliphatic functionalities, such as phenylimines and cy-
clopentylimines, respectively, were chosen for the
study. The reversibility of the reaction scheme (Figure
3) required complete water removal. Thus, several
desiccants were tested, such as activated 4 Å molecular
ents from La Trinitat hypersaline ponds
mines Cyclopentylimines
x x xd M-R1a Mcc x x x xd
/z m/z m/z m/z M m/z m/z m/z m/z m/z m/z
0 296 392 488 593 578 125 192 288 384 480
0 296 392 595 580 125 192 288 384
8 394 597 582 125 290 386
4 310 406 502 607 578 139 206 302 398 494
4 310 406 609 580 139 206 302 398
2 408 611 582 139 304 400
0 296 392 623 608 125 192 288 384
8 394 625 610 125 290 386
2 338 434 637 608 139 234 330 426
2 408 639 610 139 304 400
t, see Figure 2.
 100*n  (RTk-RT(n))/(RT(n1)-RT(n). RT(n) and RT(n1) are the retentionsedim
enyli
X
m
20
20
29
21
21
31
20
29
24
31
or E
anes
.
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calcium chloride. All three provided quantitative yields,
however, calcium chloride was discarded because of the
disaggregation particles generated. Among the other
two, anhydrous sodium sulphate is recommended over
the molecular sieves since the latter may eventually
catalyze undesired chemical reactions. However, this
phenomenon was not detected during the present
study.
The small scale of the samples (g) did not require
large laboratory apparatus. Thus, the reactions were
Figure 8. Background subtracted mass spectra o
2-one prepared from a synthetic standard and
hypersaline pond.performed in the same 2 mL vials as were used for
initial GC-MS analysis. Derivatization of alkenone stan-
dards provided quantitative yields in the case of both
phenyl- and cyclopentylimino derivatives when kept
under a dry, inert atmosphere. Absence of quantitative
loss was assumed in the absence of free alkenones in the
derivatized mixtures which were analyzed without
further fractionation. The method is highly reproduc-
ible as long as dry solvents and reagents are stored in
activated molecular sieves and the derivatized fractions
are analyzed within one day after transfer to vials.
N-phenylimines of 15E,22E-heptatriacontadien-
ketone fraction of a sediment extract from af the
the
1168 LO´PEZ AND GRIMALT J Am Soc Mass Spectrom 2004, 15, 1161–1172These derivatives involved longer retention times than
the initial products but GC-MS analysis was still feasi-
ble (Figure 4).
Mass Spectra of the Imino Derivatives
The validity of the method was tested on synthetic
standards of 8E,15E-heptatriacontadien-2-one and
8E,15E,22E-heptatriacontatrien-2-one. The MS of the
imines obtained from the long chain alkenones and
other unsaturated carbonyl-containing lipid molecules,
e.g., fatty acids, share a characteristic feature of the
dominance of the ions containing the N-functionality
over the ions without the heteroatom (Figure 4). The
base peaks at m/z 133 and m/z 147, for methyl- and
ethylphenylimines, respectively, and m/z 125 and 139
for methyl- and ethylcyclopentylimines, respectively,
represent fragments formed by -cleavage after a
Figure 9. Mass fragmentograms corresponding to the base peaks
(McLafferty rearrangements) in the spectra of the original methyl
(Me) and ethyl (Et) alkenone mixtures (a), (b) and their respective
N-cyclopentylimino (MeCp and EtCp; (c), (d) and N-phenylimino
(MePh and EtPh; (e), (f) derivatives found in one sediment extract
from a hypersaline pond.McLafferty type -H rearrangement, equivalent to the
m/z 58 and 72 ions observed in underivatized methyl
and ethyl ketones [31] (Figure 5).
In addition to these odd ions, the spectra exhibit
homologous series of fragments starting at m/z 118 and
132 for the methyl- and ethylphenylimines, respec-
tively, and m/z 110 and 124 for the ethyl- and methyl-
cyclopentylimines, respectively (Figure 6). The consec-
utive fragments, whether open chain or cyclic, are
separated by 14 da in the saturated sections of the
aliphatic chains and are continued by increments of 26
da whenever an unsaturation is found. Increments of 12
da are also observed but maybe it is difficult to picture
a direct cleavage of a double bond. In these MS some
peaks of the homologous series, labelled as x  2, x 
2, . . ., x  3, x  3, . . ., and x  2, show a higher
intensity induced by the vicinity of the double bond.
Their higher intensity is thought to derive from the
conjugated 1,3-dienes in the first two (Figure 7a and b)
and to the formation of an allylic radical in the third
(Figure 7c). The presence of some ions with higher
intensity (labeled as x, x, x, . . .) enhanced by the
vicinity of the double bond, suggest that a similar
mechanism may account for fragments arising from
cleavage of the chain in the positions originally occu-
pied by the double bond after migration to closer
positions (x  2, x  3) towards the proximal end of the
molecule (Figure 7d and e). Double bond migration in
this type of N-bearing compounds and EI conditions is
minimized but still takes place. An example of this
process can be found in the spectra of 2-alkenylbenz-
oxazole derivatives of long-chain fatty acids [32], where
the unsaturation location involved reproducible migra-
tion of the double bonds towards proximal allylic
positions.
These diagnostic ions can be successfully used to
locate unsaturations even in cases of low sample
amount. For example, interpretable mass spectra were
obtained by injection of 1 ng of alkenone derivatives in
the scan mode. The low ionization potential of the N
non-bonding electrons may account for the relatively
high intensity of the molecular ion [M] (Figure 4),
although an even higher intensity was detected for the
deprotonated even-electron molecular ion [M  H]. A
plausible mechanism for the formation of this ion could
be devised as an alternative pathway to the one leading
to the formation of the mentioned x  2 (Figure 7a,
pathway 1). On the other hand, the product of -cleav-
age in the ethylimines [M  C2H5]
 is of a much higher
relative intensity, comparable to the molecular ion, than
the equivalent fragment observed in the methyl ketones
[M  CH3]
, likely due to the loss of a larger fragment.
The most relevant mass spectral differences between
cyclopentyl- and phenyl-imines encompass the loss of
the cyclopentyl group (M  C5H9), whereas an analo-
gous fragment is not observed in the phenylimines
attributable to the aromatic character of the N-substi-
he pr
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higher intensity of the fragments formed in the vicinity
of the phenylimino group (m/z 118, 132, 146, and 160 in
Figure 4) when compared with those of the cyclopen-
tylimino derivatives (m/z 110, 124, 138, and 152 Figure
4). The spectra of ethylphenylimines of tri- and tetra-
unsaturated ketones, exhibit two intense even peaks
and one odd ion, m/z 200//214//215 (Table 1, Figure
4a). Similarly, the spectra of the methyl alkenone ho-
mologs exhibit the series m/z 186//200//201 at high
intensity. The formation of these mass fragments may
be induced by an interaction of the aromatic ring with
the double bond at position 8 by analogy with the
occurrence of fragment pairs at m/z 138//139 and
152//153 in 4,4-dimethyl oxazolines prepared from
polyunsaturated fatty acids [25, 29]. A relatively higher
intensity of these fragments was observed mainly in the
derivatives with double bonds on carbons 4 and 5. This
proximity to the N atom may have produced stable
small-sized fragments similar to those in Figure 2a and
b with y  3 for 4 and y  4 for 5. At larger distance
to the imino group (8, y  6, Figure 6), the aromatic
nitrogen substitutent may stabilize the above men-
Table 2. Summary of the C37-C40 alkenones identified in the pre
Ketone Structure Methoda Siteb Methoda S
Me35:2
Me35:1 18E
Me35:1 19E
Me35:1 20E
Me35:1 21E
Et36:2
Et36:2 16E,21E
Et36:1 19E
Et36:1 21E
Et36:1 22E
Me37:4 8E,15E,22E,29E S Se
Me37:3 8E,15E,22E S Se
Me37:2 15E,22E TMSiE WR S Se
Me37:1 20E
Et38:4 9E,16E,23E,30E
Me38:4 9E,16E,23E,30E
Et38:3 9E,16E,23E TMSiE WR
Me38:3 16E,23E
Et38:2 16E,23E TMSiE WR
Et38:2
Me38:2 16E,23E
Et38:1 21E
39:2
Et39:3 10E,17E,24E
Me39:3 8E,15E,22E
Et39:2 17E,24E
Me39:2 15E,22E
Me39:2
Et40:3 9E,16E,23E
Et40:2 16E,23E
Reference de Leeuw et al. (13) Rechka et al.
aMethods: S, total synthesis; GC-MS, Identification of carbonyl positio
derivatisation; Im, imino derivatization method of the present study.
bSites: WR, Walvis Ridge; Sed/Eh. Atlantic sediments and Emiliania h
galbana; Black Sea sediments; ST, Hypersaline system considered in ttioned fragments, as observed in the case of phenylimi-
nes but not among cyclopentylimines.
Sediment Samples
The phenylimino derivatives of 15E,22E-heptatriaconta-
dien-2-one from one standard and one sediment extract
from the hypersaline system are compared in Figure 8.
Shown in Figure 9 are the stacked GC mass chromato-
grams obtained by selection of the base peaks of the
methyl and ethyl ketones in free form (m/z 58 and 72,
Figures 9a and b), derivatized as cyclopentylimines (m/z
125 and 139, Figures 9c and d) and phenylimines (m/z
133 and 147, Figures 9e and f). In all cases, the high
sensitivity of these base peaks indicate that the mixture
of alkenones is constituted of C37 and C39 methyl
ketones (odd-chain length) and C38 and C40 ethyl ke-
tones (even chain length).
Joint evaluation of the MS of the initial C37-C40
alkenone mixtures and both cyclopentyl and phenyl-
imino derivatives has allowed the description of the
structural composition of all the homologs found in
the hypersaline sediments of La Trinitat. Their struc-
study together with those previously described in the literature
Methoda Siteb Methoda Siteb Methoda Siteb
GCMS Go GCMS Black Sea
TMSiE Go
TMSiE Go
TMSiE Go
TMSiE Go
GCMS Go
COM Black Sea
TMSiE Go
TMSiE Go
TMSiE Go
Go GCMS Black Sea Im ST
TMSiE Go GCMS Black Sea Im ST
TMSiE Go GCMS Black Sea Im ST
TMSiE Eh, Go, Ig
Im ST
GCMS Black Sea
TMSiE Eh, Go, Ig GCMS Black Sea Im ST
TMSiE Eh, Go, Ig GCMS Black Sea
TMSiE Eh, Go, Ig GCMS Black Sea Im ST
GCMS Black Sea
TMSiE Eh, Go, Ig GCMS Black Sea
TMSiE Eh, Go
GCMS Black Sea
TMSiE Eh, Go GCMS Black Sea
TMSiE Go, Ig Im ST
TMSiE Eh, Go, Ig GCMS Black Sea
TMSiE Go, Ig Im ST
GCMS Black Sea
Im ST
Im ST
Rontani et al. (16) Xu et al. (17) This Work
d number of unsaturations; COM, combined NMR, GC-IR and DMDS
i cultures; Eh, E. huxleyi; Go, Gephyrocapsa oceanica; Ig, Isochrysis
esent study.sent
iteb
d/Eh
d/Eh
d/Eh
(15)
n an
uxley
1170 LO´PEZ AND GRIMALT J Am Soc Mass Spectrom 2004, 15, 1161–1172tural assignments, diagnostic ions, and the effective
chain length values (ECL) relative to a homologous
series of n-alkanes in a 5% phenyl-95% methyl pol-
ysiloxane (DB-5) capillary column are summarized in
Table 1.
Both original mixture and derivatives provide simi-
lar chromatographic resolution which increase progres-
sively from cyclopentylimines to phenylimines, 0.42 to
0.47 ratio units, respectively (Figure 9). The reaction
does not involve significant yield differences according
to number of unsaturations. Thus, the UK37, C37:2/(C37:2
 C37:3) index, remains unchanged when comparing the
underivatized ketones (0.27), the phenylimino (0.26),
and cyclopentylimino (0.27) derivatives.
Figure 10. Mass spectra of the N-phenyl and
can-2-one.Previously Known Long Chain Alkenones
A joint description of the alkenones found in the
present study and those previously described in the
literature (sediments and algae) is shown in Table 2.
Among all these compounds, only three have been
synthesized [16] and only one has been isolated in
sufficient amounts to perform NMR studies [17] or
GC-IR. Three of the C37 alkenones identified in the
present study show the same structure as those ob-
tained by total synthesis [16]. The longer C38 and C39
homologs exhibit unsaturations at positions different to
those reported in the literature (Table 2). All the al-
kenones identified in this hypersaline sediment have a
yclopentyl imines of 6,10,14-trimethylpentade-N-c
1171J Am Soc Mass Spectrom 2004, 15, 1161–1172 PHENYL- AND CYCLOPENTYLIMINO DERIVATIZATIONcommon feature in terms of double bond position
(8,15,22,29 and 9,16,23,30 for the methyl and ethyl
ketones respectively) since they all exhibit the same
distance relative to the carbonyl group. Conversely, in
previously reported open sea sediment samples, the
location of the double bonds occurs at a constant
distance from the terminal methyl (Table 2). This dif-
ference suggests a dissimilar organism as the possible
source of these C37-C40 alkenones in the hypersaline
environments studied. This unusual distribution is re-
ported in the present study for the first time.
Imino Derivatization of Regular Isoprenoid
Alkenones
The imino derivatives are also sensitive to methyl
substitutent positions. This is illustrated in Figure 10 for
the cyclopentyl- and phenylimino derivatives of
6,10,14-trimethylpentadecan-2-one. This isoprenoid al-
kenone has also been found in the hypersaline sedi-
ments considered in the present study and originates
from phytol degradation in recent environments [33–
35]. The spectra show the homologous series of frag-
ments at m/z 110  14 y and 118  14 y mentioned
above, interrupted by increments of 28 da due to the
presence of methyl substituents.
Conclusions
A novel and simple method for the location of double
bond positions in C37-C40 alkenones in sample amounts as
those currently handled in EI GC-MS, e.g., 1 ng, has been
developed. The method is based on the interpretation of
the EI MS after derivatization of the carbonyl group to
phenyl- or cyclopentylimines. Application of this method
to coastal hypersaline sediments has allowed the iden-
tification for the first time of novel long chain alkenones
such as 9,16,23,30-octatriacontatetraen-3-one, 16,23-tet-
racontadien-3-one, and 9,16,23-tetratcontatrien-3-one.
The use of double bond elaidization has shown that the
configurations of the unsaturations were all-trans. The
structures of these alkenones suggest a distinct biolog-
ical origin from that previously described in marine
algal cultures or open sea recent or ancient sediments.
Acknowledgments
The authors acknowledge financial support from UE Project
CESOP (EVR1-2001-40018). They thank Professor J. R. Maxwell
(University of Bristol) for synthetic alkenone standards, and Dr.
Angel Messeguer (IIQAB-CSIC) for the DMDO. JFL thanks the I3P
program of the Spanish Research Council (CSIC) for a post-
doctoral grant.
References
1. Volkman, J. K.; Eglinton, G.; Corner, E. D. S.; Forsberg, T. E. V.
Long-Chain Alkenes and Alkenones in the Marine Coccolith-
ophorid. Emiliania huxleyi. Phytochemistry 1980, 19, 2619–2622.2. Marlowe, I. T.; Green, J. C.; Neal, A. C.; Brassell, S. C.;
Eglinton, G.; Course, P. A. Long Chain (n-C37-C39) Alkenones
in the Prymnesiophyceae. Distribution of Alkenones and
Other Lipids and Their Taxonomic Significance. Brit. J. Phycol.
1984, 19, 203–216.
3. Marlowe, I. T.; Brassell, S. C.; Eglinton, G.; Green, J. C.
Long-Chain Alkenones and Alkyl Alkenoates and the Fossil
Coccolith Record of Marine Sediments. Chem. Geol. 1990, 88,
349–375.
4. Conte, M. H.; Thompson, A.; Eglinton, G.; Green, J. C. Lipid
Biomarker Diversity in the Coccolithophorid Emiliania huxleyi
(Prymnesiophyceae) and the Related Species Gephyrocapsa
Oceanica. J. Phycol. 1995, 31, 272–282.
5. Brassell, S. C.; Eglinton, G.; Marlowe, I. T.; Pflaumann, U.;
Sarnthein, M. Molecular Stratigraphy: A New Tool for Cli-
matic Assessment. Nature 1986, 320, 129–133.
6. Prahl, F. G.; Wakeham, S. G. Calibration of Unsaturation
Patterns in Long-Chain Ketone Compositions for Palaeotem-
perature Assessment. Nature 1987, 330, 367–376.
7. Pelejero, C.; Grimalt, J. O.; Heilig, S.; Kienast, M.; Wang, L.
High Resolution UK37-Temperature Reconstructions in the
South China Sea Over the Last 220 k years. Paleoceanogr. 1999,
14, 224–231.
8. Cacho, I.; Grimalt, J. O.; Pelejero, C.; Canals, M.; Sierro, F. J.;
Flores, J. A.; Shackleton, N. Dansgaard-Oeschger and Heinrich
Event Imprints in Alboran Sea Paleotemperatures. Paleocean-
ogr. 1999, 14, 698–705.
9. Lea, D. W.; Pak, D. K.; Spero, H. J. Climate Impact of Late
Quaternary Equatorial Pacific Sea Surface Temperature Vari-
ations. Science 2000, 289, 1719–1724.
10. Zhao, M.; Beveridge, N. A. S.; Shackleton, N. J.; Sarnthein, M.;
Eglinton, G. Molecular Stratigraphy of Cores off Northwest
Africa: Sea Surface Temperature History Over the Last 80 ka.
Paleoceanogr. 1995, 10, 661–675.
11. Grimalt, J. O.; Rullko¨tter, J.; Sicre, M.-A.; Summons, R.; Far-
rington, J.; Harvey, H. R.; Gon˜i, M.; Sawada, K. Modifications
of the C37 Alkenone and Alkenoate Composition in the Water
Column and Sediment: Possible Implications for Sea Surface
Temperature Estimates in Paleoceanography. Geochem. Geo-
phys. Geosyst. 2000, 1, 2000G000053.
12. Cranwell, P. Long-Chain Unsaturated Ketones in Recent
Lacustrine Sediments. Geochim. Cosmochim. Acta 1985, 49,
1545–1551.
13. de Leeuw, J. W.; Meer, F. W. V. D.; Rijpstra, W. I. C.; Schenck,
P. A. On the Occurrence and Structural Identification of Long
Chain Unsaturated Ketones and Hydrocarbons in Sediments.
In: Advances in Organic Geochemistry 1979; Douglas, A. G.;
Maxwell, J. R., Eds.; Pergamon Press: Oxford, 1980; 211–217.
14. Volkman, J. K.; Eglinton, G.; Corner, E. D. S.; Sargent, J. R
Novel Unsaturated Straight-Chain C37-C39 Methyl and Ethyl
Ketones in Marine Sediments and a Coccolithophore Emiliania
huxleyi. In: Advances in Organic Geochemistry 1979; Douglas,
A. G.; Maxwell, J. R., Eds.; Pergamon Press: Oxford, 1980; pp
219–227.
15. Rontani, J.-F.; Marchand, D.; Volkman, J. K. NaBH4 Reduction
of Alkenones to the Corresponding Alkenols: A Useful Tool
for Their Characterization in Natural Samples. Org. Geochem.
2001, 32, 1329–1341.
16. Rechka, J. A.; Maxwell, J. R. Unusual Long Chain Ketones of
Algal Origin. Tetrahedron Lett. 1988, 29, 2599–2600.
17. Xu, L.; Reddy, V.; Farrington, J. W.; Frysinger, G.S.; Gaines,
R. B.; Johnson, C. G.; Nelson, R. K.; Eglinton, T. I. Identification
of a Novel Alkenone in Black Sea Sediments. Org. Geochem.
2001, 32, 633–645.
18. Farrimond, P.; Eglinton, G.; Brassell, S. C. Alkenones in
Cretaceous Black Shales, Blake-Bahama Basin, Western North
Atlantic. Org. Geochem. 1986, 10, 897–903.
1172 LO´PEZ AND GRIMALT J Am Soc Mass Spectrom 2004, 15, 1161–117219. Grimalt, J. O.; de Wit, R.; Teixidor, P.; Albaige´s, J. Lipid
Biogeochemistry of Phormidium and Microcoleus mats. Org.
Geochem. 1992, 19, 509–530.
20. Messeguer, A.; Sa´nchez-Baeza, F.; Casas, J.; Hammock, B. D.
Use of Dimethyldioxirane in the Preparation of Epoxy Deriv-
atives Related to Insect Juvenile Hormones. Tetrahedron 1991,
47, 2977–2981.
21. Gibson, T. W.; Strassburger, P. Acid Catalyzed Isomerization
of Olefins. J. Org. Chem. 1976, 41, 791–793.
22. Li, J.; Philp, R. P.; Pu, F.; Allen, J. Long-Chain Alkenones in
Qinghai Lake Sediments. Geochim. Cosmochim. Acta 1996, 60,
235–241.
23. Thiel, V.; Jenisch, A.; Landmann, G.; Reimer, A.; Michaelis, W.
Unusual Distributions of Long Chain Alkenones and Tetrahy-
manol from the Highly Alkaline Lake Van, Turkey. Geochim.
Cosmochim. Acta 1997, 61, 2053–2064.
24. Yruela, I.; Barbe´, A.; Grimalt, J. O. Determination of Double
Bond Position and Geometry in Linear and Highly Branched
Hydrocarbons and Fatty Acids from Gas Chromatography-
Mass Spectrometry of Epoxides and Diols Generated by
Dtereospecific Resin Hydration. J. Chromatogr. Sci. 1990, 28,
421–427.
25. Fay, L.; Richli, U. Location of Double Bonds in Polyunsatu-
rated Fatty Acids by Gas Chromatography-Mass Spectrometry
after 4,4-Dimethyloxazoline Derivatization. J. Chromatogr.
1991, 541, 89–98.
26. Harvey, D. J. Picolinyl Esters as Derivatives for the Structural
Determination of Long Chain Branched and Unsaturated
Fatty Acids. Biomed. Mass Spectrom. 1982, 9, 33–38.27. Spitzer, V. The Mass Spectra or the 4,4-Dimethyloxazoline
Derivatives of Some Conjugated Hydroxy ene-yne C17 and C18
Fatty Acids. Prog. Lipid Res. 1997, 35, 387–402.
28. Harvey, D. J. Picolinyl Derivatives for the Structural Determi-
nation of Fatty Acids by Mass Spectrometry: Applications to
Polyenoic Acids, Hydroxy Acids, Di-Acids, and Related Com-
pounds. Biomed. Mass Spectrom. 1984, 11, 340–347.
29. Zhang, J. Y.; Yu, X. J.; Huang, Z. H. Chemical Modification in
Mass Spectrometry. IV. 2-Alkenyl-4,4-Dimethyloxazolines as
Derivatives for the Double Bond Location of Long-Chain Fatty
Acids. Biomed. Environ. Mass Spectrom. 1988, 15, 33–44.
30. Vetter, W.; Meister, W. Nicotinates as Derivatives for the Mass
Spectrometric Investigation of Long Chain Alcohols. Org.
Mass Spectrom. 1981, 16, 118–122.
31. McLafferty, F. W.; Turecek, F. Interpretation of Mass Spectra, 4th
ed.; University Science Books: Mill Valley, CA, 1993, pp 71, 191.
32. Yu, Q.-T.; Zhang, J.-Y.; Huang, Z.-H. A Novel Approach to
Double Bond Location in Long-Chain Olefinic Acids: The
Mass Spectra of 2-Alkenylbenzoxazoles. Biomed. Environ. Mass
Spectrom. 1986, 13, 211–216.
33. Cranwell, P. A.; Eglinton, G.; Robinson, N. Lipids of Aquatic
Organisms as Potential Contributors to Lacustrine Sediments.
II. Org. Geochem. 1987, 11, 513–527.
34. Rontani, J.-F.; Cuny, P.; Grossi, V. Identification of a “Pool” of
Lipid Phototrophs in Senescent Phytoplanktonic Cells. Org.
Geochem. 1998, 29, 1215–1225.
35. Qu, W.; Dickman, M.; Wang, S.; Wu, R.; Zhang, P.; Chen, J.
Evidence for an Aquatic Plant Origin of Ketones Found in
Taihu Lake Sediments. Hydrobiologia 1999, 397, 149–154.
